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ABSTRACT 


Low routine rates of oxygen consumption of larval Arctic lamprey 
held several months at 18, 10 and 2C under a natural photoperiod were 
measured at the respective acclimation temperatures in January, March, 
and May, and at various other temperatures over the range of 2 to 24C 
in May. Periodic measurements of oxygen consumption and weight were 
taken for marked ammocoetes at 2 and 10C from January to August. Hemato- 
crits, hemoglobin concentrations, and oxygen equilibria were measured 
in September from blood of ammocoetes acclimated at 2 and 10C. 

1. The average rate of oxygen consumption of ammocoetes acclimated 
at 2C - 0.028 mg/g/hr - was significantly lower than the average for 18C 
acclimated animals - 0.043 mg/g/hr. 

2. Oxygen consumption and weight of marked ammocoetes varied seasonally 
at 10C, but was stable at 2C. Oxygen consumption of 10C acclimated ani- 
mals was 0.040 mg/g/hr in January and March, decreased to 0.030 mg/g/hr in 
May, then increased to 0.068 mg/g/hr by the end of August. 

3. The acclimation ability of ammocoetes is high - "long term" 0 
was 1.3 between 2 and 18C and compensation ranged from 60 to 90%. 

4. "Acute" Qo VatucceOtelay / eon tenmands2.o2) fOr animals acclimated 
at 2, 10, and 18C respectively also indicate that ammocoetes had made 
significant metabolic adjustments at each acclimation temperature. 

5. When expressed on a logarithmic grid, the slope of the regression 
relating body weight to oxygen uptake increased as acclimation temperature 
decreased. Thus a change in acclimation temperature has a greater effect 
on smaller ammocoetes. Regression slopes varied seasonally at each tem- 
perature, decreasing significantly between winter (January-March) and May. 
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6. Weight specific rates of oxygen uptake were not weight dependent 
except in May at 18 and 10C. 

7. There was no significant difference in hematocrits, hemoglobin 
concentration or oxygen equilibria curves between animals acclimated 


at 2 and 10C. Average hematocrit was 54 /,n and £ 1.5 mmHg at both tem- 


502 


peratures, while hemoglobin concentrations averaged 9.0 and 9.7 gZ at 2 


and 10C respectively. - 
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INTRODUCTION 


Larval lamprey represent the most waive level of vertebrate 
development. Consequently, their ability to adapt to environmental 
changes should be of interest to those studying the Seepmaeems abilities 
of more advanced vertebrates. However, at the time this study was ini- 
tiated, little information was available on cyclostomes. The main ob- 
jective of this study, therefore, was to determine the ability of larval 
Arctic lamprey, Lampetra japonica (Martens), to adapt to temperature 
change. 

Arctic lamprey used in this study spend four to six years as 
larvae (or ammocoetes) in the Hay River, Northwest Territories, and an 
unknown length of time as parasitic adults in Great Slave Lake (Buchwald, 
1968). Larvae of all species spend most of their time burrowed along 
the margins of streams and rivers but they can be forced out of the mud 
by near upper lethal temperatures (McCauley, 1962) and low oxygen ten- 
sions (Potter, Hill and Gentleman, 1970). Water temperatures in the 
Hay River range from OC through late October to early May to 22C in 
the summer months. In winter, water temperatures are stable, but in 
summer, daily temperature changes average 1C and fluctuations of 4C are 
not uncommon, especially in the shallow shore and backwater areas which 
larvae prefer. Maximum temperatures experienced by larvae in these 
shallow areas have not been recorded. 
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Although the body temperature of a poikilotherm normally conforms 
to such seasonal and daily temperature changes, metabolic rate is com- 
monly regulated to some extent (Rao and Bullock, 1954; Precht, 1958; 
Prosser and Brown, 1961; Fry, 1971; Vernberg and Vernberg, 1970). Main- 
tenance of rate functions at similar levels with changing external tem- 
perature is defined as thermal acclimation and is widespread in poikilo- 
therms. Acclimation allows poikilotherms to avoid the disruptive and 
potentially lethal effects of temperature change. 

Changes in body temperature alter the amount of energy available 
to molecules thereby altering a) the rate at which covalent bonds of 
metabolic chemical reactions are broken and reformed and b) the stability 
of weak bonds which maintain the structural and therefore functional 
integrity of “higher order" biochemicals (e.g., 3° and 4° structure of 
structural proteins, enzymes, hormones, lipids, nucleic acids) (Hochachka 
and Somero, 1973). The magnitude of rate change in an organism's meta- 
bolic rate, as indicated by changes in oxygen consumption, is initially 
a two- to four-fold increase with each 10C° increase in temperature 
(Morris, 1965; Hoar, 1966; Peterson and Anderson, 1969; Fry and Hochachka, 
1970). However, because metabolic rates must be maintained within certain 
limits for survival, temperature induced changes in the metabolic rate 
could be potentially lethal. Also, since the rate change of the indi- 
vidual reactions of metabolism is often greater than a two- to four-fold 
increase at physiological substrate concentrations, and the rate change 
varies between reactions (Baldwin, 1971; Moon and Hochachka, 1972; Newell 


and Pye, 1971), temperature changes could result in serious imbalances 
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5 
between metabolic reactions (Hochachka and Somero, 1973). However, few 
deaths have been reported in the literature which can be attributed to 
the slow seasonal temperature changes such as occur in the temperate 
zones (Brett, 1956), and metabolic rates of animals held at different 
temperatures are often less than two times greater for each 10C° increase, 
although this varies with the activity, species, size of the animal, 
and the temperature range considered (Job, 1955; Beamish, 1964; Brett, 
1964; Rao, 1968; O'Hara, 1968, Peterson and Anderson, 1969). 

The molecular changes behind acclimation are thought to occur 
primarily through changes in the structures of the "higher order" mole- 
cules where structure depends on weak bonds and is easily altered by 
temperature change. Reviews of findings on temperature induced changes 
at the molecular level have been made by Prosser (1967), Somero (1969), 
Fry and Hochachka (1970), and Hochachka and Somero (1971 and 1973) and 
the details are not within the scope of this thesis. 

The adaptive significance of acclimating to seasonal temperature 
extremes has been clearly illustrated by displacement of lethal temperature 
limits as shown for goldfish [Carassius auratus] (Fry, Brett, and Clawson, 
1942), brown bullhead [Ameturus nebulosus = Ictalurus nebulosus] (Brett, 
1944), brook trout [Salvelinus fonttnalts] (Fry, Hart and Walker, 1946), 
chum and sockeye salmon [Oncorhynchus keta and 0. nerka] (Brett, 1952; 
Brett and Alderdice, 1958), sea lamprey [Petromyzon marinus] (McCauley, 
1962), Mozambique cichlid [T7z¢lapta mossambica] (Allanson and Noble, 

1964), and others (Brett, 1956). McCauley (1962) has shown that the 


upper lethal temperature of larval sea lamprey can be increased from 
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27.7 to 31.7C with a change in acclimation temperature from 2 to 31C. 
This represents an average change of 0.9C° with each 5C° change in accli- 
mation temperature, except between 10 and 15C when the upper lethal 
temperature increased 1.2C° and between 15 and 20C when the upper limit 
did not change significantly. McCauley (1962) also found that larvae 
are more temperature tolerant than adults, although if acclimated, both 
can survive indefinitely at temperatures as high as 25 and as low as 2C. 
The lower lethal temperature decreased sharply between 30 and 20C but 
remained relatively constant at 0-1C for animals acclimated at temperatures 
less than 20C. The 4C° extension in the upper lethal limit for sea lamprey 
is comparable to that of the common shiner [Wotropts cornutus] (Hart, 1947), 
which is also found in shallow waters of northern streams where tempera- 
tures vary from warm to cool depending on the summer weather. Upper 
lethal temperatures for larval and adult sea lamprey are higher than 
those of cold water fish such as various species of Pacific salmon (Brett, 
1952), and brook trout (Fry et al., 1946), however, they are not as high 
as those of warm water species such as the brown bullhead (Brett, 1944) 
and goldfish (Fry et al., 1942). 

In addition to extending lethal limits, acclimation at near 
lethal temperatures increases the length of time that sea lamprey can 
resist lethal temperatures (McCauley, 1962) - an essential adaptation 
for survival in areas where temperatures pass beyond lethal limits for 
short periods of time. Similar results have been found for greenfish 
[Gitrella nigricans] (Doudoroff, 1942), goldfish (Fry et al., 1942), chum 


and sockeye salmon (Brett, 1952; Brett and Alderdice, 1958), northern 
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S 
redbelly dace [Chrosomus eos] and finescale dace [C. neogaeus] (Tyler, 
1966). Also, the resistance time at lethal temperatures is increased 
as the time span for the temperature change increases (Cocking, 1959; 
iyvletaL960)) : 

The adaptive significance of compensating for small temperature 
changes within the lethal limits is not as clearly defined. For larval 
lamprey, an inability to maintain a stable level of metabolic activity 
during summer months, regardless of slight temperature changes, would 
likely interfere with maximum utilization of seasonal food sources. 
Thus growth and development, and over several summers, perhaps even age 
of transformation could be affected by the ability of larvae to quickly 
compensate for temperature changes. 

This is particularly important since Moore and Beamish (1973) 
have shown that injestion of algae and digestive ability are greatly 
reduced at normal winter temperatures (OC) in larval sea lamprey. Also, 
Hardisty (1961) has shown correlated increases in growth and fat storage 
in larval European brook lamprey [Lampetra planeri] with increases in 
the density of phytoplankton in spring, while field studies have shown 
that mountain brook lamprey [Icthyomyzon hubbst] show no increase in 
length during the winter months when temperatures are low (Hill and 
Potter, 1970). Thus much of an ammocoete's growth is limited to a few 
months of warm weather when food supplies are abundant. 

Few studies have been done to determine the time involved for 
poikilotherms to acclimate to small, rapid changes in temperature. 


Peterson and Anderson (1969) found that active oxygen consumption and 


“ak Ve a hh 7 7 - 7? - =< S See : 
a eer eat a= . ea? 4 rae 


Ay 7 . va > nS _ 7 : i = : . 7 
’ 7 ° #35 [ewe oy we i Hath leveeas i bite f sor ti) AORN J - ty 4 
2 Telljel Yo nbd odin bebeor BA’ 0th , CaaeL 


7 aie 
moro) sry Pals nit suWeP orl om {4 aprifyoqned arc! ta> saye amis oT Ss. 
¢ oa 7 7 7 fh 


eS aie i 
a ; ees 


srdteteges) 1 lame vol igeansqnod Te —obotiinaia svidgeihe ent tA ® 


sR 


jnyxét ao7 idaiieh “y 1> eo ton @f Bode AOI os Se 


| Fee 
 biloee “s i> futecr? f tals FI te sasibiogst -. arise seme gal 


- ! 
: : 7 
a . eee . be - 7) ea 
(ganfuoa POW [SH026ou 19 TOL S812 34U UNAS ng £8 24 
5 —ere Somme f drenacd! aval 
j i ‘ - 
7] ‘ 1 i it E 
2 J 
x : ‘ 
rf 4 7 
(¢ UL Th iT nw 4 ‘eg A ’ i 
2 
ww ‘ ae | £ J 4 1 i } } 
" 
on he nts sh 5 r )) ra wed a oT ee 43 
i 
E i ; } a i " é 
' 
4 > 
® ' ‘ f | j He 70 ! 
‘ 
5 ef } 454 ant ; 
| 
} 7 
. ig 
=. Py 
™ ‘ mY) : ( — “>, - Ades 
4 : 4 i : ‘ is pated AT) MOST? TLE Irian fee 
= eo 7 
} iy ; ‘ 
oG F P| 4 iW 1 i i 2 
= 
Ne 7 
. Pf arama! Bh awe a0) 10h 19° Hoar een 


: - spr ~. eam ESE OO! MS] SHI eSwa irae, 
Lo) 
ase syed es bianyte) aes 


ial ii my ' ’ nay oo Dg et , Ll ere 7 Ssism id oss oJ 


i ts ? veye “ ‘ ous mT j i , ~~ ee -_— a = 
DA BOTS AIC 1 fA Sy CJo!1 land Sang? (2aes ) noe 1 Sebou hint nee 


; ; — 
~i _ 


activity of juvenile Atlantic salmon [Salmo salar] whose acclimation 
temperature was changed from 6 to 9C or from 18 to 15C over thirty minutes, 
returned to their original levels within one hour of the change. When 
temperatures were changed 6C° or more, active metabolic rates did not 
return to the original levels, but the actual time required for complete 
acclimation was not determined. Acclimation to temperature changes has 
required days or weeks for brook trout (Brett, 1941), immature greenfish 
(Doudoroff, 1942), and goldfish (Fry and Hart, 1948; Kanugo and Prosser, 
1959), and the rate of acclimation apparently depends on the rate of 
temperature change (Cocking, 1959). 

Immediate and complete temperature compensation have been measured 
for the winkle [Ztttorina littorea], which is exposed daily to large 
(20C° maximum) rapid changes in body temperature (Newell and Pye, 1970). 
However, the temperature independence of oxygen consumption was only 
evident in May when air temperatures were 15C, but not in January when 
air temperatures were 4C. Complete temperature compensation of oxygen 
consumption has also been observed for sunfish [Lepomis gtbbosus] accli- 
mated between 10 and 17.5C, although the time required for complete 
compensation was not determined (Roberts, 1967). 

Acclimation ability has most often been determined by comparing 
the metabolic rates of animals which have been held for extended periods 
of time at different, constant "acclimation" temperatures, or by comparing 
the metabolic rates of animals held at different acclimation temperatures 
but measured at various temperatures. Morris (1962) has defined the 


first type of measurement as "long-term" and the second as "acute." 
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Classification schemes to define the degree of acclimation have been 
designed by Precht (1958) for the "long-term'' method nal Rey Prosser 
(1961) for the "acute" method. Oxygen consumption has most frequently 
been used as the measure of metabolic rate. 

Using the "acute'' method, Sherbakov (1937) found some degree of 
acclimation in adult river lamprey [Lampetra fluviattlts] since as holding 
temperature decreased from 17 to 1.5C, oxygen consumption increased 
from 0.14 to 0.21 mg/g/hr when measured at approximately 16C. Calcula- 
tions, of Qi0 from "long-term" measurements of oxygen consumption (i.e. 
measured at the acclimation temperature) show that adult sea lamprey 
adapt well to different temperatures as the Qo was 1.8 between 5 and 
20C (Beamish, 1973), while larval mountain brook lamprey have a poor 
ability to compensate for temperature changes since R40 was 3.6 between 
a eolie se oC mCi a and Pott et... 1970) eee Q10 Otel. Omea Lcultatedarormeacit. 
Pacific lamprey [Entosphenus tridentatus] acclimated at 14-16C tested 
over the range of 5 to 20C (Johansen, Lenfant and Hanson, 1973) suggests 
that this species may be able to compensate rapidly for temperature 
change, however the exact exposure time at each test temperature was 
not given. 

This thesis presents the results of experiments to determine the 
rates of oxygen consumption of larval Arctic lamprey held several months 
at 18, 10 and 2C measured both at the temperature of acclimation and 
at various other temperatures over the range of 2 to 24C. Because measure- 
ments were taken over several months and the acclimation ability of some 


fish held at constant temperatures is known to vary seasonally (Hart, 
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8 
1952; Hoar and Robertson, 1959; Tyler, 1966), one experiment was devoted 
to determining if ammocoetes acclimated at a constant temperature ex- 
hibited seasonal changes in metabolic rate. Also, since body size has 


been shown to influence "acutely" measured Q,. values (Rao and Bullock, 


10 
1954), and there are indications that as acclimation temperature increases 
oxygen consumption of large fish may not increase to the same relative 
extent as for small fish (Job, 1955; Beamish, 1964; O'Hara, 1968), all 
results presented here have been analysed for the effect of body weight 

on the relationship between oxygen consumption and acclimation or test 
temperature. 

Hill and Potter (1970) demonstrated that oxygen consumption 
per unit weight of larval mountain brook lamprey decreased with increasing 
Size, however in adult sea lamprey oxygen uptake per unit weight was 
not related to body size (Beamish, 1973). The increase in oxygen uptake 
with acclimation temperature was independent of size for adult sea lamprey 
(Beamish, 1973) but this relationship has not been measured for ammo- 
coetes. 

Also presented are measurements of blood hemoglobin content, 
hematocrit, and oxygen equilibria taken to determine if the oxygen carrying 
ability of blood is altered when lamprey are acclimated at different tem- 
peratures for long periods of time. De Wilde and Houston (1967) have 
suggested that an increase in the blood oxygen carrying capacity with 
an increase in temperature could be the least costly of the cardiovascular- 
respiratory adjustments which could be made to accommodate the increased 


oxygen demand. 


_ 7 ; a : i J 7 na “¥ 7 
- ¥ ; 5 ae 
7 Me _ by _ 

a / : = a 

@- * S " “> _ a i _ 

7 yt: <DEOT pupaeaton bite au 

easy exer: “onew T aly 4m : sty ge eg fuk 3° * a 
oni ; 
Tr s 3h bodentiose sersoscmmte 74 anzndl ie wad 


2S Cotas Stee pray 


| 7 diédeise 6f cagonds ieee 7 
7 oat wate ~hag waste eORn 1k 2LLOCRIST fe e227 ad sles ai wh 


— se 7 
= = i Fi - - 
‘ fc - ‘ * r am" ») < eva 
7 7 Aan amit. 6% tj &} lee i i feaee! _ be : iif2 + ee 
ot ty i bre eel) POULEV pyY ROIVG i Ts ane IDE 4, ‘ i 
ov ) ; , 
bom : a 
_ 7 be + ’ ri.) ao Ag 5 f x tA 
eeuieronl Stpterugres colies. i a ami nOeTeS bord 4 
7 
in 
1 4 F rr cae 
- ao ‘Z31 [s > Ware Sif 1 SEG L a rag o- al 
7 > + 
In ye i) = r ii } 7 t J aii LY da] . ti 
4 
‘ , AS ] 7 | P $<] - 
a x VL at ” =] he 
{ , * { . Me . 
= 4 
oa. x e! t int ; Lot a giden 
t 
bi (OLA ; 
ar f rou ) hy l \ i 
Qf anu oe d f = ‘y 4 | rer , 
' 
+ ( ’ * ' 4 => 
. ' us Eatin , te J ; P- f 
4 Wty ‘ 1 ; t c % : F } t 
i é 
ve tad a i i : 44 * ‘ 
¢ 7 
= : ‘ = ~ > : j Poe 
4 
\ 
i ; ’ t fi ' ’ 
' 
4 ‘ 
Vs 5 } i? I 2 ¢ fry ; 
. ei th 35 hes | Amite D be 
% ~ 
J . ai) a I % | | 44 ae | iy Bae | i 4 
7 Hy pS , wo 2 (y ‘ $ j 6515 / th just b 
ee > , , oe ur P : ] : 
iu an .= 1144 j uu me! ? } | hi yh) TT Ob . j it se8 7 ¢ 
= 7 fi 
: si -o= by P = . ; ‘ a 
} ‘ e Bud sii - asi u L fi kaT4> HAITOW- Soop2nst pf 1 
t 
r 


] 7“ a . 
7 _ : 
= j wy = ) a 7 
i] - 
nA Am ~* 7 : = 
oe : : . - Se wa ‘ 


Erythrocyte count, hematocrit, hemoglobin concentration, and 
hemoglobin content of erythrocytes were higher in rainbow trout [Salmo 
gatrdnert] acclimated at 11, 14 and 17C than in trout acclimated at 3 
and 7C; while trout at 21C had significantly larger hemoglobin concen- 
trations and numbers of slightly smaller erythrocytes which contained 
a little more hemoglobin per erythrocyte than animals at 11, 14 and 17C 
or at 3 and 7C (De Wilde and Houston, 1967). The greatest difference 
between hematological measurements of trout acclimated at different 
temperatures occurred in fall. However, Cameron (1971) was unable to 
demonstrate any difference in the oxygen dissociation curves of blood 
from rainbow trout acclimated at 18 and 7-9C. Grigg (1969) had reported 
a shift in the P5o with acclimation temperature in brown bullhead. In 
the carp [Cyprinus carpto], erythrocyte count, hematocrit, and hemoglobin 
concentration, but not erythrocyte hemoglobin content increased with 
acclimation temperature, but the difference was not significant except 
in fall when values for 27 and 33C acclimated animals were significantly 
higher than those of 2 and 4C acclimated carp (Houston and De Wilde, 
1968). At the lowest acclimation temperatures (2, 4, 7C), these values 
increased between summer and winter. Black, Kirkpatric, and Tucker 
(1966a,b,c) did not find any significant difference in oxygen capacity, 
red cell volume or oxygen equilibria of brook trout, Atlantic salmon 
or landlocked Atlantic salmon [S. salar sebago] acclimated at 5 and 20C. 
The hematology of goldfish at different temperatures has also been exten- 
sively studied but no consistent pattern of change with temperature has 
been observed (see Houston and De Wilde (1968) for a review of results 


on goldfish). 
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Although the blood characteristics of lamprey have been exten- 
sively researched, little work has been done comparing the blood of ani- 
mals acclimated at different temperatures. The only such investigation 
showed that the pH of blood from larval mountain brook lamprey acclimated 


at 5, 15.5 and 22.5C decreased with increasing temperature (Potter et al., 
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MATERIALS AND METHODS 


A. Source and Maintenance of Animals 


Larval Lampetra japontca were collected with a hand operated 
AC Blecerosioet from the Hay River near its confluence with Great 
Slave Lake (115°49'W, 60°45'N) in August 1968. Most of the larvae were 
found in fine gravel covered with a thin layer of silt seven miles up- 
stream from the mouth of the river, however the largest animals (>8 gm) 
were found in deep mud banks Weare the lake. Larvae were never found 
in areas where bubbles of gas rose from the mud. 

Animals were transported to Edmonton in 36 liter plastic garbage 
cans containing a layer of sediment, and river water which was periodi- 
cally aerated with compressed oxygen. Water temperatures were initially 
11C and increased to 13C by the end of the trip. 

In the laboratory, ammocoetes were kept in 30 or 36 liter plas- 
tic containers supplied with natural sediments and aerated, dechlorinated 
tap water. Each container held a maximum of 30 animals. Approximately 
five animals 80-100 mm long, 30 animals 100-150 mm long and 40 animals 
150-200 mm long were maintained at each of three acclimation temperatures: 


Lore Ceo tO. UsteU.2 cand) 2.0.te002C. 


Se eG KS 1750 watt, 110 volt AC generator; two electrode pad- 
dles, one equipped with an on-off microswitch (Buchwald, 1968). 
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Containers of animals to be maintained at 10 and 18C were placed 
in two 720 liter tanks of dechlorinated tap water. The walls of the 
containers were perforated to allow tank water to enter. Fresh water 
flow into the tanks was kept minimal to insure adequate temperature 
regulation. Temperature controlled refrigeration units were used to 
maintain water at 10C in one tank throughout the year and at 18C in the 
other tank during the summer. A temperature controlled heater was used 
to maintain water at 18C during the winter. 

Containers of animals to be kept at 2C were placed in a constant 
temperature room. There was no water flow through these containers 
but the water was well aerated and changed once every three weeks. 
Ammonia poneeneee tions in the containers never exceeded 0.05 mg/l. 

All animals were held at 15C for two weeks after capture. Water 
temperatures were then changed 1C a day until the appropriate acclima- 
tion temperatures were reached. An eight week exposure to the accli- 
mation temperature was allowed before measurements of oxygen consumption 
were taken. Photoperiod was maintained to that of the Edmonton latitude. 

Although ammocoetes were initially fed a commercial fish food 
and an algal Bolte on. tice a week, weights of marked individuals de- 
clined sharply from October to December 1968(Figure 4). <A preliminary 
experiment showed that animals which were fed powdered brine shrimp main- 
tained or gained weight, while those fed algae or powdered fish meal 


lost weight. Thus after December 1968, ammocoetes held at 10 and 18C 


Vetermiied colorimetrically with Nessler reagent (Fischer, 
1964). 


3consisting primarily of the diatoms Astertonella formosa, 
Fragilaria spp., Scenedesmus quadrtcauda and Navtcula spp. 
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were fed powdered brine shrimp twice a week, and those at 2C were fed 


once a week. 


B. Determination of Oxygen Consumption 


1. Apparatus for measuring oxygen consumption 

The apparatus used to measure oxygen consumption consisted of a 
reservoir of aerated water, respiration chambers (Figure la), and a 
temperature controlled water bath. The respiration chambers were Pyrex 
tubes 2.5 cm in diamenter, 8 to 20 cm long, and the length of tube used 
depended on the size of the animal. Chamber volumes varied from 14 to 
105 ml of water when sealed with rubber stoppers. One stopper was fitted 
with a polyethylene tube (3 mm internal diameter) extending into the 
chambers for two thirds of its length, and a 14 G Luer-lock syringe 
needle. The polyethylene fans was connected to a 20 liter reservoir 
by pliable rubber tubing and water flow into the chamber was regulated 
by a Hoffman clamp on the rubber tubing. During determinations of oxygen 
consumption, the polyethylene tube was sealed by a pinch clamp and dis- 
connected from the rubber tubing. 

The syringe needle served for water outflow and Pe ivection of 
water samples for oxygen analysis. During determinations of oxygen 
consumption, the needle was fitted with a 10 cc Luer-lock syringe used 
to collect water samples (Figure la). 

Respiration chambers were held vertically in weighted wooden 


holders and submerged in a Fischer Isotherm refrigerated barns (Figure lb). 


“keys: Scientific Company. 
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Figure l. 


Apparatus used for measuring oxygen consumption. 


a) A single respiration chamber as it would 
appear during measurement of oxygen consumption. 


b) Respiration chambers and holders in the tem-— 
perature controlled water bath. 
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The water temperature of the bath was held at the required temperature 
+O. 250 bysa themmosreculator.> Two holders, each containing six res- 
piration chambers, were used in an experiment. In this way, oxygen 

consumption could be determined simultaneously for eleven animals, one 


chamber serving as a control. 


Dees Experimental method 


a) Measurement of oxygen consumption at the temperature of 
acclimation. 


Ammocoetes were dug from the mud and placed in clean water 24 
hours before the start of an experiment. In water with no substrate, 
ammocoetes constantly attempted to burrow into the container bottom. 
Netting, bricks and strands of plastic from an unwound pot scrubber 
provided sufficient tactile stimuli and hiding places to prevent this 
response and quiet the animals. Strands of plastic were also used in 
the bottom of respiration chambers as a substrate substitute. 

The morning of an experiment, ammocoetes were transferred to 
the chambers where they immediately wound themselves in the plastic 
Strands, remaining inactive until prodded out at the end of the experi- 
Ment. The chambers were stoppered, then placed in the bath and con- 
nected to the gravity feed reservoir. Bath and reservoir water were 
maintained at the acclimation temperature of the animals. The bath 
was covered with dark plastic, and the chambers flushed at the rate of 


2 ltiters/hr for one hour. 
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Although 17 hours were required for I. hubbst larvae to reach 
a steady state of oxygen consumption (Hill and Potter, 1970), there 
was no significant difference between rates of oxygen consumption of 
L. japonica determined after one, two, or five hours in the chamber. 
Thus oxygen consumption was considered stable and measurements were 
begun after only one hour in the chamber. 

At the end of the one hour stabilization period, a 10 cc water 
sample was taken from each chamber and the chambers were sealed and 
disconnected from the reservoir. After an hour test period, each cham- 
ber was gently shaken, the polyethylene tube opened, and a 10 cc water 
sample taken from the inverted chamber. During this procedure ammocoetes 
remained entwined in the plastic and rarely seemed disturbed. 

After an experiment, the animals were anaesthetized in tricaine 
methane sulphonate (MS. 222, Sandoz), blotted dry, weighed, and measured 
for length. They were then returned to their original containers. 

Only one experiment using a maximum of 11 animals was conducted each 
day. 

In this way, oxygen consumption was measured in January, March, 
and May 1969 for animals acclimated at 18, 10, and 2C. Although animals 
measured in January were not retested in March, some animals previously 
tested in January or March were retested in May. Since these ammocoetes 
could not be identified, all samples were treated as random samples 
and Student's t test (Steel and Torrie, 1960) was used to determine 
significant difference® between values recorded at different temperatures 


and times. 


sezarshegs where otherwise stated the level of significance used 
for all data‘in this thesis was P < 0.05. 


” ang git oN est bn pray was 


2) wnbeeeinme: “dtigeze-I6 ashes cin Sse 1 Tits 
° gis otf AE Haye av x .ovb yong, 1998 toalintotah” 


“¥ 


a aren exitarstuecam ire oiéet> bexbbtands a8y tot tqau anos 


. . _ nes stato sid ni ain soo thao rests 
- 


{iow so fi & Lolitas rasgseni tue te. rao sae aay io acta 
7 rat 
ro = Wuteinn sisu azsenach eifh Sfr= asdhellp top Scdoxt wee ape al 


ah —aepti des denise bea? syed va = .tievese@ss sit moni bags 
a a 


J 


tL Gee soghe av Cf & Gas phpasye adea shalyiiiectod acid. , devin sie it 


= eae) chem stibsaane otis Erie. ..s efile tS hatrsvo0 aa maz? agit ’ 
. : va 


badiviell Somegsc diciet bat styaslg add of barctwate 


sttecits ct bacitsilaesace srow clanfra’ eds ,iqsmiioges op 29h 
otk 
i 


bonieben Urn , holgiew, yah barindd (setad2 £05 .eM) seanodaiee. Jai 
7 


: : z oo 
-uuitesqoo Ieetgigo sisi o1 bemusey asda sorew yodT ce or 


wT 


a 


2 : P a s Sa 
docs botechriga saw <lemine 41 In aymiaes &@ geiay inontteqey See 
: - ; 7 
\ 
aeore “wnt at: Netfesse edy coridmiacos asgico ,. we eke ae 


_ 
ae ; . ee - 
alenins Gyuaiits Aivbas sf . vt as pietisos alenins wot Shut wa 


vow 
‘ 


| Theeolwesg sledipn supe iste nt batasss: joa sisy vrediint gb 


2ST POMS BHIOI sskG = 4 EM ii Astesiss 32S Sete ses yranh 
asl muse: mobi: id bsasord stay solquse tp, \tsttssaebe a4 3 
sotanoadeh oc'faay ete (ONE ,aterct brs. Sinsay ta9 2 

Sieweymss geessi2h 4th babros sy oui wy neawsatt Po omaast3 Mi | 
: ; : LF Se 


\ 


_ 
_ 


in fi erst ok . . a 
7 bow niin atin | 


7 


eee 6 2 en ee 


13 


b) Measurement of oxygen consumption after short. term exposure 
to temperatures other than the acclimation temperature. 


The effect of short term exposure to temperatures other than the 
acclimation temperature on ammocoete oxygen consumption was determined 
in May 1969 for ammocoetes acclimated at 18, 10, and 2C. Im each ex- 
periment, oxygen consumption of eleven animals was first determined 
at the acclimation temperature, as described previously, then at one 
of the other test temperatures: 2, 10, 18, or 24C. After the final 
water samples were taken from ammocoetes being tested at their accli- 
mation temperature, the chambers were returned to the bath and connected 
to a reservoir of water at one of the other test temperatures. The 
bath was then drained and filled with water at this new temperature. Once 
the required temperature was reached in the chambers (5-10 min.), a 
90 minute stabilization period was allowed before the chambers were 
closed for determinations of oxygen consumption. The test period varied 
from 10 minutes to an hour so that utilization of oxygen never exceeded 
35%. Water samples were again taken at the end of the stabilization 
and test periods. 

Each animal was tested at only one temperature other than the 
acclimation temperature and only one experiment was conducted in a day. 
After an experiment, animals were anaesthetized and measured, then re- 


turned to their original containers. 
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3. Oxygen analysis and calculation of oxygen consumption 
The oxygen content of water samples was determined by the modi- 
fied Winkler method described by Burke (1962) with the following modi- 
fications. Samples taken in an ungreased syringe were titrated with a 
0.005 N sodium thiosulfate solution from a 5 ml microburette. The indi- 
cator was a 0.05% solution of starch in glycerine. Rate of oxygen con- 


sumption was obtained by substitution in the following equation: 


Fs [k(t,-t,)] V 


B Wr 


x 60 


where R = rate of oxygen consumption mg/g/hr 


8000 x N of sodium thiosulfate 


oe volume of water 

ty = titer of the water sample taken at the end of the 
stabilization period 

ty = titer of the water sample taken at the end of the 
test period 

V = volume of the chamber minus the volume of water displaced 
by the plastic strands and the animal 

W = weight of the animal 


T = duration of the test period (min.) 
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Gc Measurement of Seasonal Changes in Metabolism 


To determine if ammocoetes acclimated at a constant temperature 
exhibited seasonal changes in metabolism, periodic measurements of oxygen 
consumption and body weight and length were taken from marked lampreys 
between October 1968 and August 1969. Fifteen larvae at each accli- 
mation temperature were marked with subcutaneous injections of cadmium 
or mercuric sulfide (Wigley, 1959), and kept in separate containers for 
easy accessibility. 

Determinations of oxygen consumption made in 1968 were extremely 
variable as plastic strands were not used in the chambers. Thus these 
results are not included. Because of a malfunction in the heating unit, 
no data is available after May for animals acclimated at 18C. A paired 
t test (Steel and Torrie, 1960) was used to test significant difference 


between measurements made in different months. 


De Measurement of Hematocrit, Hemoglobin Concentration, and Oxygen 
Equilibria 

Blood samples were collected in August and September, 1969 from 
ammocoetes acclimated at 2 and 10C. Ammocoetes were quickly anaesthe- 
tized, blotted dry, then cut in half immediately posterior to the heart. 
The cut surface of the head portion was blotted and blood which oozed 
from cut blood vessels was collected in capillary tubes and micropipettes 
for immediate analysis. Samples from different individuals were not 


pooled. 
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Pain 
1. Hematocrit 


Duplicate hematocrits were determined using commercially hepari- 
nized microcapillary tubes which were filled three quarters full, sealed 
with plastic clay and spun for 10 minutes at 10,000 rpm in a microhema- 
EOCrLE osviemitanee, | The volume of packed erythrocytes was measured 
with a scaled reading seve? and reported as per cent of whole blood. 
Duplicates were averaged but never varied more than 1%. Although some 
fish blood is reported to clot in commercially heparinized capillary 
tubes (Larsen and Snieszko, 1961; McKnight, 1966), ammocoete blood did 


not clot or hemolyze in these tubes. 


2. Hemoglobin concentration 


Micropipettes used to collect blood for determination of hemo- 
globin concentration and oxygen equilibria were first rinsed with a 10% 
heparin solution and dried. Hemoglobin concentration was determined by 
the cyanmethemoglobin mecned using bovine hemoglobin solutions as stan- 


; : : 10 
dard. Transmittance was measured with a colorimeter. 


Made 31, Chicago Surgical and Electrical Co. 

SCraphic Reader 30-5, Chicago Surgical and Electrical Co. 

= outlined in "Methods and Calibrations,'' Catalogue No. 33- 
29-40, a methods manual for the Bausch and Lomb Spectronic 20 Colori- 


meter. 


Spectronic 20, Bausch and Lomb. 
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3. Oxygen equilibria 

Oxygen equilibria of hemoglobin solutions were determined by a 
method adapted from those described by Wald and Rees (1951), Rossi- 
Fannelli and Antonini (1958), Manwell (1963), and Antonini et al. (1964). 
Erythrocytes were washed twice with 0.7% isotonic saline. Twenty-five 
microliters of the washed, packed erythrocytes were then hemolysed in 
one milliliter of distilled water for one hour at OC. This hemolysate 
was centrifuged at 35,000 rpm for 30 minutes to eliminate suspended 
cellular debris. Two hundred microliters of the cleared hemoglobin 
solution were added to one milliliter of 0.15 M Na HPO, -KH, PO), buffer 
atyaaplHaofl620,46.49.0r 7.13. 

The buffered hemoglobin solution was contained in a microcuvette 
(1 cm light path) fitted with a three-way valve which could be attached 
to a manometer and suction pump. In this cuvette, the hemoglobin solu- 
tion was evacuated at various partial pressures of air and the absorb- 
ance measured at 565nm in a recording spaceehammeaae. Recordings 
were made initially at atmospheric air pressure, then after complete 
evacuation, at progressively increasing partial pressures of air, after 
exposure to pure oxygen, and finally, after chemical reduction with 
sodium hydrosulphite. Measurements were made at room temperature of 
22-24C. Calculations of the percent oxygenation at each partial pressure 
of oxygen were made on the assumption that the change in absorbance at 


any wavelength is linearly related to the total number of ferroheme groups 


oxygenated. 


eee Model 14, recording spectrophotometer. 
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RESULTS 


MN. Effect of Acclimation Temperature on Oxygen Consumption 


Average rates of oxygen uptake measured at the acclimation tem- 
perature in January, March, and May 1969 are given in Figure 2. Oxygen 
uptake of animals acclimated at 2 and 18C did not vary significantly 
between months, but rates for animals acclimated at 10C decreased signi- 
ficantly in May. This unexpected decrease was found for four different 
groups of 10C acclimated animals tested on four different days between 
May 13 and June 8 (Appendix Table 7). 

Average rates of oxygen consumption for animals acclimated at 
18C were significantly higher than those of 2C acclimated animals each 
month measured. In January and March, average rates of oxygen consumption 
of 10C acclimated animals were significantly higher than those of 2C 
acclimated animals, and lower, but not significantly different from 
those of animals acclimated at 18C. In May, values for animals accli- 
mated at 10C approximated those of 2C acclimated animals. 

Q0 values were calculated from mean rates of oxygen consumption 
determined in January, March, and May and are given in Table 1. These 
values were always less than two and decreased as the temperatures being 
compared increased, again except for 10C acclimated animals tested in 
May. Assuming that prior to acclimation all rates of oxygen uptake were 


equivalent to those of 18C acclimated animals, compensation in rates 
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Figure 2. 


Average rates of oxygen consumption of ammocoetes 
acclimated at 2, 10, and 18C measured in January, 
March, and May. Oxygen consumption is symbolized 

by 4,@, andoO for animals acclimated at 2, 10, and 
ISG respectively.) Vertical bars representaaa lore 
Averages were calculated from values given in Appen- 
dixe lables 412 -andms,. 
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TABLE 1. Long term Qjo9*values calculated from average rates of oxygen 
consumption of ammocoetes acclimated at 2, 10, and 18C. 


Q10 
2-10C 10-18C 2-18C 
January 1.64 1.08 tly ois} 
March i heg#A ie Ay SS!) 
May 0.98 10 WeZ4 


where Ky = the rate of oxygen uptake at temperature T9 
and K, = the rate at temperature Tj 
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of oxygen uptake were 58-75% after acclimation at 2C and 70-90% after 


acclimaktonw at lOGs 


Be Seasonal Variation of Oxygen Consumption, Body Weight and 


Length of Marked Ammocoetes 
1. Oxygen consumption 

Average rates of oxygen uptake determined at various times from 
January to August 1969 for marked ammocoetes acclimated at 2, 10, and 
18C are given in Figure 3. At all temperatures, the average rate of 
oxygen uptake for marked animals decreased slightly from January to 
May, however only the difference between January and May values for 10C 
acclimated animals was significant. After May, rates of oxygen uptake 
continued to decrease slightly for animals at 2C, but increased sharply 
for animals acclimated at 10C; wnfortunately, no data is available after 
May for animals acclimated at 18C. 

Average rates of oxygen consumption of marked ammocoetes were 
generally within one standard deviation below the mean rates for unmarked 
animals when determined the same month (Figure 2). However in March, 
the average rate for marked 10C acclimated animals was significantly 
lower than that of the unmarked sample and approximated values of 2C 
acclimated animals, whereas oxygen uptake of the unmarked animals did 


not decrease this low until May. 
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Figure 3. Seasonal variation of oxygen consumption of marked 
ammocoetes acclimated at 2, 10, and 18C. Mean 
values are symbolized as in Figure 2 and were cal- 
culated from values given in Appendix Tables 4, 5, 
and 6. 


Figure 4. Seasonal variation of body weight of marked 
ammocoetes acclimated at 2, 10, and 18C. Mean 
values are symbolized by A ,@andoO for animals 
acclimated at 2, 10, and 18C respectively. Ver- 
tical bars represent + Sh) Averages were cal- 
culated from values given in Appendix Tables 4, 
Seands6.. 
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2a Body weight and length 


Between October and November 1968, the average body weight of 
marked animals decreased significantly at all temperatures (Figure 4). 
In December, powdered fish food was replaced by powdered brine shrimp 
as a nutrient source and body weight at all temperatures stabilized 
and remained constant until the end of May. Between June and the end 
of August 1969, the average body weight of animals acclimated at 2C 
increased very slightly while that of animals acclimated at 10C increased 
sharply, surpassing the original October average weight. 

Body lengths fluctuated slightly between October 1968 and May 
1969 but there was no pattern to these changes (Appendix fabled ee 
and 6). However, from the end of May to the end of July, the average 
body length of 10C acclimated animals increased significantly 7mm; it 
then remained constant from July to August although body weight continued 
to increase. At 2C the average body length decreased 4mm between June 


and August even though body weight increased slightly. 


(Ge Relationship Between Body Weight and Oxygen Consumption 


Regression lines were determined for logarithmic plots of body 
weight versus both total oxygen uptake (mg/hr; Figure 5), and oxygen 
uptake per unit weight (mg/g/hr; Figure 6), for measurements made in 
January, March, and May on ammocoetes acclimated at 2, 10 and 18C. 
Both ways of representing oxygen consumption as a function of body 


weight have been included here since both are used in the literature. 
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¥igure 5. 


Regression of body weight versus total oxygen 
uptake (mg/hr) of ammocoetes acclimated at 2, 
10, and 18C determined in January, March, and May. 
Off scale values are symbolized by +. Corre- 
lation coefficients for each regression are given 
in the lower left corner of each graph. 
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Figure 6. Regression of body weight versus oxygen uptake per 
unit weight of ammocoetes acclimated at 2, 10, and 
18C determined in January, March, and May. Off 
scale values are symbolized by +. Correlation 
coefficients for each regression are given in the 
lower left corner of each graph. A * beside the 
correlation coefficient denotes significance (P < 0.05). 


OXYGEN CONSUMPTION MG/G/HR. 1072 


JANUARY. 


MARCH. 


MAY. 


aC. 


LOG Y=-1-218+ (-0-400)LOG X. 


LOG Y--1-305+¢0137)LOGX. 


LOG Y=-1-081+(-0-5 26 )LOG X. 


10, 


LOG Y=-1:413+{-0-077) LOGX. 


LOG Y*-1-433+0-055 LOGX. 


LOG Y=-1-252+(-0:590)LOG X. 


WEIGHT G. 


34 


2C. 


LOG ¥--1-638+0-093 LOGX. 


LOG Y=-1-479 +60-080)LOG x. 


yonnnosn het 


we CRY 


t=<¥ 26) 


_ 


# oa) deqtregt 


: wae - 
oe vy 7 
\ ‘ ‘ce - _ 
ee ) a 
i — ‘yr See 
ee » , 7 
; he is _ 
er : 
_ Chi 7 = "i 
. > "lam 
. a . . ol 
se ; 
ha | i. 7 
Pi , od - 
ef ; “= 
oe ; 7 
. ; = ? r ¥) ia : 
ah es 7 
Ne = 7 7 _ = 7 
a oe = 2 
i: =| . ee 
) * a 7 
; 
; : a 7 = 
te Pa 
. i 
‘ ~/- ma 
_ | - : 
7 7 
2 Cc 
* : tgp 7 
. be we 
“ i - 


25 


The best fit regression equation = for both relationships is log Y = 
a+b log X, where Y is oxygen uptake (mg/hr or mg/g/hr), a is the Y 
intercept, b the regression coefficient, and X the body weight. Re- 
gression equations and correlation coefficients for each acclimation 
temperature each month are given in Figures 5 and 6. Regression slopes 
were tested for significant differences using Student's t test (Steel 
and Torrie, 1960). 

In calculating regression equations, the small sample size of 
unmarked animals tested in January was bolstered with values for marked 
animals tested the same month because regression coefficients are highly 
dependent on the size range of animals used, and the degree of confi- 
dence increases with sample size. However, to maintain statistical 
randommess in samples so that regressions could be compared between 
months, values for marked animals were not used to calculate March and 
May regressions. 

Two patterns of change can be discerned in the slopes of the 
regression lines relating total oxygen uptake to body weight (Figure 5). 
The first is a decrease in the slope of the regression line with an 
increase in acclimation temperature. The regression coefficient of 
animals acclimated at 18C was significantly lower than that of animals 
acclimated at 2C all months tested. The regression coefficient of 
animals acclimated at 10C lay between values at 18 and 2C but was not 
significantly different from either except in May when it was signifi- 


cantly lower than values for 2C acclimated animals. Thus, as acclimation 


J -Detexmined by use of the General Electric computer program 
SIXCUR $*** whereby data is fitted to six regression equations. 
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temperature increases, the increase in total oxygen uptake is greater 
for smaller animals than for larger ones. 

The second pattern of change in the regression slopes relating 
total oxygen uptake to body weight is seasonal. Although the correlation 
between body weight and total oxygen uptake at each temperature was signi- 
ficant each month tested, regression coefficients increased between Janu- 
ary and March then decreased significantly in May (Figure 5). May regres- 
sion coefficients, although lower than January values at the equivalent 
temperature, were only significantly different for 10C acclimated animals. 

Similar patterns of change between acclimation temperatures 
and between months can also be seen in the regressions relating body 
weight to oxygen uptake per unit weight (Figure 6). As acclimation 
temperature increased, the slope of the regression increased negatively 
all months tested. Seasonally, the regression coefficients at equivalent 
temperatures increased positively between January and March then decreased 
negatively in May. However, the correlation between body weight and oxy- 
gen uptake per unit weight was not significant except in May for animals 
acclimated at 18 and 10C. Thus, in May when the regression between 
total oxygen uptake and weight was lowest, the correlation between weight 
and oxygen uptake per unit weight was highest and significant for animals 
at 18 and 10C. At 2C, body weight was never significantly correlated 
with oxygen uptake per unit weight. 

There was no significant difference in average body weight of 
animals measured at different temperatures or times of the year except 
at 18C where animals tested in March were significantly smaller than 


those tested in May. 
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1D) Effect on Oxygen Consumption of Short Term Exposure to Temperatures 
Other than the Acclimation Temperature 


Regression lines were calculated for semi-logarithmic plots 

of oxygen consumption per unit weight versus test temperature for 2, 

10 and 18C acclimated animals tested at various temperatures during 

May and early June (Figure 7). The best fit regression equation is 

log Y = a+bX, where Y is the rate of oxygen uptake (mg/g/hr), a is 

the Y intercept, b the regression coefficient, and X the test temperature. 
Regression slopes were tested for significant differences using Student's 
t test (Steel and Torrie, 1960). 

As acclimation temperature decreased, the slope of the regression 
relating oxygen consumption to test temperature decreased. Using the 
terminology of Prosser (1961), this pattern of change in the regression 
Slope is a Type IVA adaption wherein the regression is rotated clockwise 
and translated to the left as acclimation temperature decreases. The 
regression coefficient for animals acclimated at 2C was significantly 
lower than that of animals acclimated at 18C when P < 0.02, while that 
of animals acclimated at 10C was significantly lower than that of 18C 
acclimated animals when P < 0.06, and significantly higher than that of 
2G acclimated animals when P < 0.10. Thus when P < 0.10, regression 
slopes for 2, 10, and 18C acclimated animals were all significantly 
different even though at the same level of significance, the mean rate 
of oxygen uptake of 10C acclimated animals tested at 10C was not signi- 


ficantly different from that of 2C acclimated animals tested at 2C. 
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Figure 7. 


Oxygen consumption of ammocoetes acclimated at 2, 
10, and 18C measured at various test temperatures. 
Mean values are symbolized byA,@, ando for 
animals acclimated to 2, 10, and 18C respectively. 
Vertical bars represent + 1SE, Averages were cal- 
culated from values given in Appendix Table 7. 
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The "acute" Qi values for the regressions of test temperature 
versus rate of oxygen consumption are 1.77, 2.18, and 2.82 for animals 
acclimated at 2, 10, and 18C respectively. For the range of test tem- 
peratures used, the correlation between test temperature and the rate 


of oxygen consumption was highly significant and positive (r = 0.99) 


for each group of acclimated animals. No correlation could be determined 


between R10 and body weight on the basis of the small sample sizes tested. 


(Be Effect of Acclimation Temperature on Hematocrit, Hemoglobin 
Concentration, and Oxygen Equilibria 


Measurements made in late August 1969 on blood from ammocoetes 
acclimated at 2 and 10C (Tables 2 and 3) show no significant differences 
between hematocrits or hemoglobin concentrations of animals acclimated 
at different temperatures, even though the average rate of oxygen uptake 
of 10C acclimated animals was three times that of animals acclimated at 
2C in August (Figure 3). Animals acclimated at 10C whose blood was 
used for these measurements were significantly heavier than 2C animals; 
however, with the sample size used, no correlation between body weight 
and hematocrit or hemoglobin concentration could be demonstrated. 

Oxygen equilibria of hemoglobin solutions at different pHs are 
shown in Figures 8 and 9 for animals acclimated at 2 and 10C respec- 


tively. Hemoglobin solutions from ammocoetes acclimated at these tem- 


peratures had a very high affinity for oxygen when measured at 22C since P 
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TABLE 2. Hematocrits and hemoglobin concentrations of 
blood from ammocoetes acclimated at 2C 
Hematocrit Hemoglobin Body weight 
hs gh g 
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TABLE 3. 


Hematocrit 
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Hematocrits and hemoglobin concentrations of 


blood from ammocoetes acclimated at 10C 
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Figure 8. Oxygen equilibria of hemoglobin solutions from 
ammocoetes acclimated at 2C, measured at pH 
6.00566. 47. eande7 a15. 
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Figure 9. Oxygen equilibria of hemoglobin solutions from 
ammocoetes acclimated at 10C, measured at pH 
6.005) 6247 "and /. 15. 
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was less than 7 mmHg at all pHs tested. At pH 7.15, the most physiologically 
realistic pH, P59 was 1.5 mmHg for animals acclimated at both tem- 
peratures. Both temperature groups showed a similar decrease in oxygen 
affinity (increase in Peo? as the pH of the hemoglobin solution decreased. 
There was no appreciable difference between oxygen equilibria of the 
different temperature groups at each pH since PO and Pos values were 
similar. However, P95 values of hemoglobin solutions from animals at 
10C were higher than those of 2C acclimated animals at pH 7.15 and 6.47, 
but because of the small number of measurements taken at the higher 
partial pressures of oxygen, this difference cannot be considered signi- 
ficant. 

Micro-pH equipment was not available to determine the actual 
pH of blood from each ammocoete, and there were not enough animals to 
enable pooling blood at each temperature for conventional pH measurements. 
However an excess of animals at 2C allowed for one pooled pH measurement - 
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DISCUSSION 


Fry (1971) argues that of the various methods using oxygen up- 
take as an indication of metabolic rate, only "standard" measurements 
calculated from "active'' measurements of metabolic rate by extrapolation 
to either zero water turbulence (Beamish and Mookherjii, 1964) or zero 
swimming speed (Wohlschlag, 1957; Brett, 1964; Smit, 1965) realistically 
indicate the effect of acclimation temperature on the metabolic rate 
of fishes. The more commonly used "routine" measurements of metabolic 
rate determine the oxygen uptake of fish whose body movements, although 
minimized by either darkness or restricted space, are not eliminated, 
yet much of the change in metabolic rate which accompanies a change in 
temperature may be due to changes in the degree of locomotor activity 
(Wells, 1935; Roberts, 1960; Peterson and Anderson, 1969). 

Unfortunately, measurements of active metabolic rate and thereby 
calculated standard metabolic rate are not feasible for larval lamprey 
whose normal habit is to remain burrowed and relatively inactive in 
the locomotor sense. When first placed in a container devoid of any- 
thing to hide or burrow in, ammocoetes swim immediately to the bottom 
of the container and attempt to burrow; within a minute they seem to 
exhaust themselves and lie quietly on the bottom. After a few minutes 
of rest they again attempt to burrow into the bottom of the container, 


exhaust themselves, then again rest. This is repeated two or three 
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times before they cease their burrowing attempts and lie quietly on 
the bottom unless disturbed by light or prodding (when exhausted, ammo- 
coetes cannot be induced to swim by either light or prodding). Because 
activity seems to be "all or nothing" rather than degrees of mobility, 
the most realistic measurements of oxygen uptake in larval lamprey are 
those taken while the animals are burrowed either in a sterile natural 
substrate or in a suitable artificial substrate, such as the strands 
of plastic used in this study, or small glass beads used by Hill and 
PorrersOl9/0)@povelarcval Tianubber 

When larval L. japonica were placed in the respiration chambers, 
they immediately entwined in the plastic strands and movement ceased 
except for slight, very infrequent changes in position. The degree 
of immobility of the larvae once entwined in the strands can be illus- 
trated by the fact that even when the chambers were inverted and the 
water drained, larvae rarely moved or attempted to escape. Therefore, 
although metabolic rate determined by this method is "routine" in that 
spontaneous activity is not eliminated, activity is so limited that 
these measurements come as close as possible to "standard" measurements 
where activity is nil. 

The only problem with using an artificial substrate of plastic 
strands to quiet ammocoetes was that very small larvae (<lg) usually 
did not entwine in the strands and remained active during an experiment. 
Thus measurements from small larvae could only be used if no movement 


was observed. 
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In addition to questioning the use of routine measurements of 
oxygen uptake to indicate the degree of acclimation, some may question 
the use of closed respiration chambers to accurately measure oxygen 
uptake. Although no studies have been made on the effect of low oxygen 
or high carbon dioxide tensions on ammocoete oxygen uptake, Johansen 
et al. (1973) found that adult F. tridentatus were able to maintain a 
constant rate of oxygen uptake at water oxygen tensions above 35-40 mmHg 
at 20C, and 10 mmHg at 5 and 15C, partly by greatly increasing the breathing 
rate below water oxygen tensions of 100 mmHg. Observations made in July 
on burrowed LZ. japonteca larvae held in 1 gallon jars and subjected to 
decreasing water oxygen tensions (created by bubbling in N, to decrease 
0, tensions by 1 ppm/hr) showed that the rate of velar beat remained 
constant above 30 mmHg at 10C [60-74 beats/min, N = 2], and 20 mmHg at 
2C [18-25 beats/min, N = 2]. At water oxygen tensions of 7-10 mmHg, 
L. japontca emerged from the mud and swam vigourously near the surface 
Cee emvale Gmc larly. PoLtemetral a9 70) found thaten.. Wubpss. 
larvae only emerged from the mud when oxygen tensions were lower than 
10-12 mmHg at 15.5°C. As oxygen tension in the respiration chambers 
was never lower than 70 mmHg, it is unlikely that oxygen consumption of 
ammocoetes was affected by use of a closed system. 

The method used in this study to determine oxygen consumption 
both at the temperature of acclimation and after short term exposure 
to various other "test'' temperatures gives highly reproducible results. 
Mean weight-specific rates of oxygen consumption determined from May 13 


to June 9, 1969 for four different groups of animals at each acclimation 
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temperature are surprisingly similar considering the range of individual 
oxygen uptakes at any one temperature (Appendix Table 7). After short 
term exposure to 10C, mean rates of oxygen uptake for two groups of 
animals acclimated at 2C and tested several days apart were 0.040 and 
0.044 mg/g/hr, while two groups of animals acclimated at 10C and tested 
at 2C averaged 0.019 and 0.020 mg/g/hr. Test treatment and anaesthesia 
apparently did not affect subsequent test performance since the average 
rate of oxygen uptake for five marked larvae acclimated at 18C was 0.033 
mg/g/hr when tested May 7 and 0.039 sty Pres when retested on May 10 
(Appendix Table 6). 

When mean rates of oxygen uptake are compared for different 
species of larval lamprey of similar size at equivalent temperatures 
and times of the year, values for L. japontca are in the same range as 
those for I. hubbst (Hill and Potter, 1970), but much lower than values 
for P. marinus and I. fossor (Leach, 1946). However, values obtained 
by Leach (1946) are probably well above the standard rate since larvae 
were not provided with any substrate into which they could burrow. When 
larval L. japontca were tested in containers lacking a burrowing medium, 
rates of oxygen uptake were extremely variable and much higher than 
values presented in this thesis obtained when larvae were provided with 
plastic strands in which to burrow. 

Unfortunately, Hill and, Potter (1970) measured ammocoetes similar 
in size to L. japontca at only one acclimation temperature. The average 
rate of oxygen uptake they obtained - 0.055 mg/g/hr at 15.5C - is higher 


than the average value of 0.043 obtained for L. japontea acclimated at 
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18C measured at a similar time of year (January-March) (Figure 2). At 
acclimation temperatures of 3.5, 9.5 and 22.5C, Hill and Potter (1970) 
used smaller animals averaging 1.2 g. Mean rates of oxygen uptake ob- 
tained for these smaller I. hubbst larvae at 3.5 and 9.5C (0.012 and 
0.032 mg/g/hr) are lower than values for L. japontca at 2 and 10C respec- 
tively, and considering the inverse correlation between body weight 
and rate of oxygen uptake found for 7. hubbst, values at these lower 
temperatures would theoretically be even lower for animals of equivalent 
weight to L. japontca. 

It is difficult to make relevant comparisons between larval 
and adult lamprey considering the great disparity in size and mode of 
life. Generally though, oxygen uptake in larval L. japontea is con- 
Siderably lower than values recorded for adults. Ate LoGroher— 
bakov (1937) recorded an average value of 0.14 mg/g/hr for 37 g adult 
L. fluvtatilts, while for adult P. marinus weighing 250-350 g, Beamish 
(1973) recorded an average rate of 0.108 mg/g/hr. At 18C the mean rate 
of oxygen uptake in L. japontca larvae was only 0.04 mg/g/hr. This is 
similar to the value of 0.049 mg/g/hr recorded for adult pre-spawning 
E. tridentatus at 15C, but lower than the value recorded at 20C of 0.129 
mg/g/hr (Johansen et al,, 1973). However, as Beamish (1973) points out, 
the low values recorded for EF. trtdentatus may reflect a deterioration 
in physiological condition known to accompany sexual development during 
the upstream spawning migration. Measurements of oxygen consumption 
for adult lamprey were standard for P. marinus (Beamish, 1973) but routine 


for L. fluviatilis (Sherbakov, 1937) and &. tridentatus (Johansen et al., 


<e 
th 0S em glh) (fatet-yeninel) may de only vetinge » 384 
COVELY wetaet ton Giih .2¢ oo hee 't.0 gee te eee |i 
“do aducqu -megine To ssder abel! 18 caksassvp alourtos vette i 
bre £f0.0) S20 hon @2€ ge ooviel Pete. welling sens gol | a 
* re . 
sae YOL dec 2 Ja wocreci, .] 10% cqukav) auilt Toews STs (alae 0.t 
> oe 
TAS me bod: meawiwd si ‘S-L—7 en. St ryvas eu ne = bi sigs bre « %4 
jauo! 45007 sa nautsey LPuAdud .1, yo? balk. Seagne Sop oe siet 
iisioviens fo ulamlige tsiinewol wavs ad {(iisstsaxzoeis hinee 
Ser oar, 
faviol asa wisd ¢a0atbreawes tatvals: seme: aiiolty Bae 
id. shart Gea oclke; ab vaitsesihn Jdeiu dj) aabeesaterds yates jhabe 
m5 A Bryon! Cov Ti. SAS7.9 i392 7A eA (Tavaest 
Bob tows api Lay (ibn? cewek 


Sighs 9 V6 ‘307 rA\a\ne Ph. io sutsy 336 "3 re te Lebrss® (Teen) tos 


jimasd- yp O26-028 sntdgtaw auth 3% Slvbs- wot slide ae 


Ratimese-oi90” tfons sat Babrond: TH\s\nrer £010 4o ayvkev uid oF 
fu JUS de bebtooss-snlsy off ‘nals view Sud pci 36 
Ju Statog (EVEL) dulotet as jrevewol «(CTRh Vie ts nanan 
‘ - -— - 
fhoOlJatolssisb 5.4 isy “sit, aytntAease) - ira? Webdasey a“rDey wel. 
Sriach sssageleveb ieuxse yagqthoots of qrwopd néfiibnos Lae 
WesITUIETGD HIANEO lo ssueietvessit ‘noljayehn ealawn 


aritracr sud CEVeL , fie born es ) arin “ TOI bush 3R et | —T 


ot 35. 992¢nudol) stanton 3, .3. Boe (Seer -;seatedeanss a3 


ee, 


1973). However, during measurement of oxygen uptake adults of all species 
clung to the sides of the chamber and rarely moved. Thus, as in larvae, 
routine measurements are close to standard rates where standard rates, 
calculated by extrapolation to zero activity as for P. martnus, include 
the cost of respiratory movement and the cost of clinging to the chamber 
wall. This latter cost may account for some of the difference between 
Standard rates for adults and ammocoetes. 

Oxygen consumption of larval L. japonica is much lower than 
routine measurements of oxygen uptake of teleosts at equivalent tem- 
peratures, even when size is similar (Winberg, 1956; Ralph and Everson, 
1968; Hart, 1968). Some of the difference in routine measurements may 
be due to a greater degree of spontaneous activity in teleosts. However, 
even when activity is minimized or eliminated in some teleosts such as 
brook trout (Job, 1955; Beamish, 1964 ), brown trout [Salmo trutta] 
(Beamish, 1964), various species of Antarctic fish (Wohlschlag, 1964), 
yearling sockeye salmon (Brett, 1964), and underyearling Atlantic salmon 
(Peterson and Anderson, 1969), oxygen consumption is still higher than 
in larval L. japonica at equivalent temperatures, although the difference 
is greatly reduced and values for these teleosts approximate values for 
adult P. marinus and L. fluviatilis. Standard rates of oxygen consumption 
determined for the common white sucker [Catostomus commersonit] (Beamish, 
1964) at 10C are equivalent to those for L. japontca at 10C,while values 
for the brown bullhead, carp (Beamish, 1964), goldfish (Beamish and 
Mookherjii, 1964), Pacific hagfish [Zptatretus stouttt] (Munz and Morris, 
1965), and Australian lungfish [Weoceratodus fosterz] (Grigg, 1965) are 


lower than values for L. japontca at equivalent temperatures. 


tz ‘ 


q7Zo to dimetahan, esis Tell 


. viete+ bat stnndo eds le eébibavede 2 


‘ 2 4, BE , Siiit t) 
! 7 
at ‘hry 2 = ay |b) objets hrebarnin oo Se6[% 37 erie ones: 
“ra 1 LP orks e4baei 7 £. 4 
- eae é 3 : 
j ; 4 : f jog ors: 6S ROtSe (OU cIIFS Ve tats igoles ~~ 
era i a" Lay Pe Dae OF 2. , = - 
7 
i 1 ? met ent haus Nisnsvoa VIOJpIT teers 16 jeoo ons 
> é 2 : rl ; ; 
: = 
¥ gots ef iOS 7S rt if 4 ew Hide wlo ss Serr kh Vad ee? yataal aft dT Liaw - 


unk wlbis 2:0] ¢9tm-breieegeye 
j ruc) ; ae | git LV |. to. fot Weiyened wore a 
\ =| 4 te Ae eB ‘Ss 4 rye | ey ee Ns £O G&, ct i3ho a. cea s2fjuer 


| are t aste dsyly move | eewaeged 7 


an < ib pot mY BSonsreyisS “15 i | Beto | $0CL.. oat seek.” 
H. ,e ati viiviso | soipoh. laste eae au ed : 
‘ ) snot on ot / to heviwinin 2k vows se ae 
' is l. Snort. aw i | tmnt sece dol) Tiara dJoosd: 
, 


(Ager. s Pia a =e $i5e ots ACL ite) 
Liew rir! 7 ~1e F. Mies ¢ * IS 01) ba GY! si.) 240) ‘ 1& De vere uot [teay 


arte: redehel Ait 2r .onltom j9P¥ fheieha) oa naus gs?) 


Aime) [7 RNC Lae ‘susus oftdy ccm sy wel hepa 
' a , 


e565 (4 mvt Pie aS ae +) | Arorct 7 ots e Sx) Tas rad.ty 7 be 
3 ; \] Cediyoul te bles eagle eae eg 


SFawIk tess Jualeviogs ay bodkteey vl gel een ee 


54 


The Q10 value calculated from mean rates of oxygen uptake at 


the temperature of acclimation ("long-term" ) was 11. 3-14 €or J. 


210 
japontca over the temperature range of 2-18C and 1.5-1.7 between 2 and 
10C (in January and March, Table 1), while in I. hubbst, Q0 over the 
temperature range of 3.5-22.5C was 3.6, but between 3.5 and 9.5C, Q1 
was 5.4. For both species Qi values decreased as the temperatures 
being compared increased. The low Q10 values obtained for L. japontca 
larvae indicate that they are better equipped to adapt to a change in 
temperature than are I. hubbst larvae. patnenen L. japontea is a para- 
sitic species from the sub-Arctic zone while I. hubbst is a non-parasitic 
species from the mid-temperate zone, both are subjected to similar tem- 
perature regimes in the natural environment. The difference in acclima- 
tion ability may be real but may in part be due to differences in main- 
tenance of the animals prior to experimentation. J. hubbst were collected 
in February and acclimated only nine days at 9.5C, two weeks at 3.5 and 
22.5C and three weeks at 15.5C under constant light, whereas L. japonica 
were acclimated three months under a natural light cycle. 

Although Hill and Potter (1970) found that I. hubbst larvae did 
not exhibit a circadian rhythm in oxygen uptake, Kleerekoper, Taylor, 
and Wilton (1961) found that transforming and adult P. martnus did ex- 
hibit a circadian rhythm of activity which was eliminated when the animals 
were held under constant conditions of dim light. However, the relation- 
ship between circadian rhythms, photoperiod, and acclimation ability of 


fish has not been clearly defined. Hoar (1956) found that when goldfish 


were held at a constant temperature their thermal resistance could be 
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altered by exposure to different photoperiods, and Tyler (1966) has 
shown that at equal acclimation temperatures, redbelly dace were more 
resistant to high lethal temperatures in summer than in winter. Also, 
Evans, Purdie, and Hickman (1962) demonstrated that tissues of rainbow 
trout acclimated during the winter to 8L photoperiod tended to metabolize 
at a higher rate than tissues of fish acclimated to the 16L photoperiod. 
However, a similar effect could not be demonstrated for metabolic rates 
of intact trout. Roberts (1967) found that at temperatures above 10C 
the metabolic rate of sunfish Pairceren to 9L was higher than that of 
fish acclimated to 15L at the same temperature, and that temperature 
compensation at 9L was almost complete over a higher temperature range 
(Qo a Lae LOT. 5 -20G) At» 9ipavs Q10 el Urotas.O— live SCsater| Sineake nus , 
under conditions of constant light, the acclimation ability of I. hubbst 
larvae may not be the same as under nstural light conditions. 

Qi values calculated for adult lamprey from mean rates of oxygen 
uptake determined at the acclimation temperature are only available 
for P. marinus. Over the temperature range of 5-20C, Q0 for P. martnus 
was 1.8, although between 10 and 15C, Q10 was 3.1. (Beamish, 1973). | The 
average Qi is comparable to that found for larval L. japonica, but the 
pattern of Qo change with increasing temperature (i.e. a decrease in 
Qo as the temperatures being compared increase) found for larvae was 
not apparent for adults. This pattern of R10 change in larvae is similar 
however to that of some teleosts such as the brook trout (Job, 1955), 
brown trout, common white sucker, bullhead, carp (Beamish, 1964), and 


goldfish (Beamish and Mookherjii, 1964), and indicates that compensation 
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56 
in standard oxygen uptake is more complete and the animals can more 
easily adapt to a change in temperature at higher temperatures. Depen- 
ding on the rate of acclimation, this ability could be advantageous for 
larval lamprey since it would ensure a relatively stable metabolic rate 
during the warm summer months (approximately 10-20C) allowing consistent 
utilization of seasonal food sources and a steady rate of growth, pro- 
viding of course that temperatures are not so high that all food energy 
is used for maintenance functions. The optimum and upper limiting tem- 
peratures for lamprey growth are not presently known. This also assumes 
that the acclimation ability of ammocoetes does not change seasonally 
but is similar or perhaps improved over that found for LZ. japonica in 
January and March. However, the sudden decrease in oxygen uptake of 
10C acclimated ammocoetes in May followed by a sharp increase in both 
weight and oxygen uptake (Figures 2, 3 and 4) may have been accompanied 
by a change in acclimation ability in July and August but this was not 
measured. Oxygen uptake and weight did not vary during the summer for 
2C acclimated animals, and unfortunately, measurements could not be made 
for 18C acclimated animals after May. However, the R50 determined in 
May between 2 and 18C did not vary from March and January Qi9 8 as it 
did between 10 and 2 or 18C. 

Long term Qo values calculated for L. gapontca are lower than 
those recorded for most other teleosts (Job, 1955; Evans et al., 1962; 
Beamish, 1964; Beamish and Mookherjii, 1964; Brett, 1964; Rao, 1968; 
Harte 2000; U Hara, (960), altholgh within certain temperature limits 


the Q0 for sunfish is as low as that of L. japontca (Roberts, 1967). 
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of 
Implicit here is that ammocoete LZ. japonica are better able to acclimate 
to changes in temperature. However, some of the difference in Qi may 
reflect the more sedentary mode of life and inability to remain active 
for any length of time. Evans et al. (1962), Prosser (1967), and Precht 
(1968), indicate that muscle tissue in rainbow trout, goldfish, and eel 
[Angutltla vulgaris] respectively shows less compensation with temperature 
change than do gill and nervous tissues; however, muscle tissue of the 
bitterling [Rhodeus amarus] (Precht, 1968) and ide [Idus indus] (Berkholz, 
1966) shows marked temperature aor aeben Hee in oxygen uptake. Investi- 
gations into the acclimation ability of various tissue systems are as 
yet inconclusive as to which tissues are most important in acclimation 
of the total organism (Fry and Hochachka, 1970; Prosser, 1967). 

Acute Q10 values calculated for larval L. japontca acclimated 

at different temperatures are similar to those found for most other 
fish wherein animals acclimated at cold temperatures have a low Qo 
and high rate of oxygen consumption compared to warm acclimated animals 
(Execht 195155 Bullock, 1955; ProssemiandiBrown,) 1961; Morris," 1962; 
Grigg, 1965; Peterson and Anderson, 1969). Acute Q10 values for JL. 
japontea are lower than those found for Atlantic salmon (Peterson and 
Anderson, 1969) but similar to values found for the more sedentary eel 
(Precht, 1951) and lungfish (Grigg, 1965). These Qi0'8 based on standard 
or low routine rates of oxygen uptake are probably not comparable with 


"s based on routine rates of active species (Bullock, 1955; Prosser 
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and Brown, 1961; Morris, 1962; 1965) since a change in temperature greatly 


alters activity (Peterson and Anderson, 1969). When ammocoetes acclimated 
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at 2C were transferred into water at 18 or 24C, swimming movements 
increased sharply, and instead of attempting to burrow, they sought to 
escape by leaping out of the water. Conversely, when animals acclimated 
at 18C were transferred to water at 2C, they sank to the bottom of the 
container and movements were few and extremely slow. However, when 
ammocoetes were entwined in plastic strands in a respiration chamber, 

a change in water temperature did not elicit movement. 

Acute R56 values have not been determined for other lamprey 
species acclimated at different temperatures, but for Pacific hagfish, 
Munz and Morris (1965) were unable to demonstrate any difference in 
acute Qo or oxygen consumption at various test temperatures between 
fish acclimated at 4 or 10C. They attributed this to the thermally 
stable natural habitat of hagfish where such an acclimation ability 
would not offer a selective advantage. However, the peculiar experi- 
mental method of Munz and Morris whereby all animals regardless of accli- 
mation temperature are held at the lowest test temperature overnight, 
then tested at progressively higher temperatures, may give different 
results from the experimental method used by others where animals are 
exposed to test temperatures for a short but equal period of time, and 
one individual is tested at only one temperature other than the accli- 
mation temperature. Morris (1965) using the former method also found 
that acclimation temperature did not alter acute Qs values in the yellow 
bullhead [Ictalurus natalts] although he was able to demonstrate that 
acute Qi of the cichlid [Aequidens portalegrensts] did change with 


acclimation temperature, but only in larger fish (Morris, 1962). 


raga d er Ly Lore 
vert te P. i LIP .b W 


1 @f tp tadew vded Ge eet erst ee 


ver) totes ts | beodegt bot. .vieqnees poem eragh. 


j - 
F . 
woo.) (5S 2sxw ET ee SrA Tice Suva sf vd 396398 ; 


i. , ): in, GaIS6W ol att Ter 1 etee ae 2h 


wy elooysvet lee 


= 


te y tobba i Sa asogtii, 
lu) Whewettisigd: totdW ohageeiae 
a ern oe 0 sued 
iteuse ie tnatStig bd T. iekieae petosge 
i “ayaw (cael) glare hie ee 
Lat a Wishes faa wee ye ox” stung. 
i in | d r ise cet? 
{ 30 3u3s dos (iy Saves ofdoia 
Di Ptr | , sito toa bipow 

*. 
oh, Naa o aut sai irate 
TulJoyvsones etwas 
feylae otTy Ja Peadese® geeid 
ootant- Taw Hikes 2 903 aoe ciiyest 
STIS SSS Cees ae meaninith « 
ti in heatest 2 beukeae ano vay 
rT 3 ted {) abtrrott as THIN ea agra 


: aa 
Wiser poitanaisam geass 


Ltt vat iN} Dblinls sits 1s ou 
* 


ay7el wh Yinoigyd ~ssus eee ' 


ao 

Prosser (1963) has suggested that a change in acute Qi with 
acclimation temperature implies "changes in the temperature characteris- 
tics" of enzymes "due to either an alteration in enzymes or in co-factors 
(qualitative changes or quantitative changes in relative amounts in 
parallel paths)", whereas a shift in the rate curve of oxygen uptake 
indicates "changes in the levels of enzyme activity." Although changes 
in enzyme concentration in poikilotherms have not been measured, changes 
in the kinds of enzymes present (Hochachka and Somero, 1968; Somero, 
1969; Moon and Hochachka, 1971; Baldwin, 1971), and in enzyme acti- 
vity probably through modulation of enzyme substrate affinity 
(Freed, 1965; Hochachka and Somero, 1969; Somero, 1969; Baldwin, 

1971), as well as alterations in metabolic pathways (Hochachka and Hayes, 
1962; Hochkachka, 1967) are known to occur in several poikilotherms when 
the body temperature is changed. However, the extent to which temperature 
induced enzyme changes account for changes in the Qi or position of 

the curve relating oxygen consumption of the intact organism to test 
temperature has not been determined. 

Although acute Qo values have been shown to increase with in- 
creasing body weight (Rao and Bullock, 1954; Morris, 1962), this could 
not be demonstrated for L. japontca larvae. Similarly, Peterson and 
Anderson (1969) also found this relationship lacking in underyearling 
Atlantic salmon. Whether the absence of a correlation between body 


weight and acute Q is real or due to small sample size could only be 


10 


determined by repeating the experiment using a larger sample size and 


wider size range of ammocoete. 


‘ 


ee | : . 


dh 550 ask a», sks peaesamaute eam MEAELY 28 
~plseratentio apriersyeoI pds «t ecgnntta” i na samegahe 


oe iors De | tit voalt 3G 44 oub" i 
i> ovbtot imap to aagdeds 


s7u3aR 7°03. nh 16 as yyis ae 


‘t 


ak etauene 9/ igeicx ni soa 
jo evane ose addeot, 1ahe & ena xariv "isin 


a y i 
" wtiviges anys Io eleyaieds’ at asgonds’ 


asl dqu BORgVxO 


esgomdy regalo lh 


gageei> , beTvesom Hee.) Jou SyAf- Sayene ol Tae e el iy EES 


nod “fhoer ,wronce bie gifoedoon) Jeeeatd asi to chattd 


‘ Oy ecne 


7 
“bjon emysasent boo, Asi Ul niwbled uEV el ine poe mie aes ah & 
WIAA 24 atctind.. Svene) =o igh eo bA dunowds Laibine } thy 
i ; 4 - 
7 a 


Jniwy Lad: 4808! ,ouanve Poll ,orsmoc hye Bedoanseu 200d “Te 


mm 


sifeda thin aces tafisn ax Liaw aa 1 


,savell bas  vgltoaod) eysio leg 


meta ersdais lion Lerevec. nt TuI50 ‘vs won sie (Yat! oldgeidoeall to f 
. : bi 
ey strife oF Jnsoee odd orsvsuull . .haggada) dt 1 16. See ad 
it : ae 
10 wutsleon te se ale esooRiin.2or uoDom Baganits 1k & d 
‘ _- - 
S695 'oOU ieee hop re He 577 it T¢ (Tu i TMU AAGS: CRA agrsesSy wri d ds - 
bsrlunsteb eed Jor 2aG 
heme per anesmual’ ud feos og Jeg 25u Dav or SIGSA deuce in, 
. " 

+ bos .bidn - (S8GE .eratol y#eCl elle bes nkn) adeisw shod 
baa nomieias .Wlteliaia. .afvial. i SAO tak OF vorcoamah g 
suttivagyyabne ni goddou! qitintislst alts Brot oes (PASTY « 

wend tenetisd nelset=1109 « 16 ‘ssnseds. oth jarhtaudtt _—.” 
ad qine ttates pxie olqmaa [lame oJ Sih so Last at ore eit) 
tie sofa a Litnawes 078! oc. si leu Snel reer aS gud dnrqed 1. 
9303 25 


60 


Long term Qi9 values, however, do show a definite weight effect 
since the slope of the line relating oxygen uptake (mg/hr) to body weight 
increased significantly between animals acclimated at 18 and 2C (Figure 
5). Thus, the increase in oxygen consumption with an increase in accli- 
mation temperature is greater in smaller ammocoetes, or, acclimation 
ability increases with size. Similar decreases in slope value with 
increasing acclimation temperature have been shown for brook trout (Job, 
1955; Beamish, 1964), common white sucker, brown bullhead and carp (Beamish, 
1964), but the differences were not significant with the sample sizes 
used. However, Evans et al. (1962) did find a significant increase in 
the slope for rainbow trout with decreasing acclimation temperature. 
O'Hara (1968) found that since the slope relating oxygen uptake to weight 
increased with acclimation temperature, large sunfish and blue gill 
[Lepomis macrochtrus] were more affected by a change in temperature than 
were small fish. However he points out that the acclimation temperatures 
used were near the upper lethal limit and the same size — oxygen uptake 
relationship may not exist at lower temperatures. Hill and Potter (1970) 
did not determine the relationship pereeet size and metabolic rate at 
different temperatures for J. hubbst larvae,but for adult P. marinus 
Beamish (1973) found no temperature related change in slope values. 

The regression of oxygen uptake (mg/hr) to body weight is generally 
described by values of 0.67 to 1.0 for fish (Bertalanffy, 1951; Winberg, 
1956; Hickman, 1959; Beamish, 1964; Paloheimo and Dickie, 1966; Hill and 
Potter, 1970; Beamish, 1973). Slope values for ammocoetes were similar 


to those of other fish in January and March but in May, slope values for 
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animals acclimated at 18 and 10C decreased sharply to 0.427 and 0.448 
respectively - much lower than values recorded for other fish. 
Seasonally associated changes in slope values for L. japontca 
were evident at all temperatures. The increase from January to March 
in the slope of the regression at each temperature (Figure 5) was not 
significant but was primarily a result of either a limited size range 
of animals tested, or a few exceptionally high or low values of oxygen 
uptake distorting a regression based on a small sample size. In January, 
the size range of animals tested at 18C was very small -— 14 animals 
weighing 2 to 4.5 g and two over 6 g. Variation in oxygen uptake of the 
2 to 4 g animals was high, and the largest animal had an exceptionally 
low rate of oxygen uptake (Appendix Tables 1 and 6) - whereas in March 
at 18C, the size range sampled was evenly distributed between 0.7 to 4 
g animals plus one 8 g animal, and the variation in oxygen uptake was 
much smaller than in January. At 10C, where the size ranges sampled 
in January and March were similar, the difference in the regression 
coefficient was not appreciable. At 2C, the increase in the regression 
Slope in March was due primarily to exceptionally low rates of oxygen 
uptake for the only two animals smaller than 2 g and high rates for 
three of the 4 to 5 g animals which distorted the regression slope at 
either end. Since the regression coefficient is so easily altered by 
size range selection and sample size, a better estimate of the regression 
coefficient for the January-March period is obtained by pooling measure- 
ments. Pooled values yield regression coefficients of 0.76, 1.02 and 


1.16 for animals acclimated at 18, 10 and 2C respectively. These are 
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significantly higher than slope values determined for the equivalent 
temperatures in May. The 18C value of the January-March period is com- 
parable to a slope of 0.718 obtained for I. hubbst larvae at 15.5C in 
February (Hill and Potter, 1970). Slope values for L. japonica at 18C 
are lower than for adult P. marinus at 15C (0.949) but values for ammo- 
coetes at 10 and 2C measured in January and March are similar to those 
of P. marinus at equivalent temperatures (0.966, 0.933) measured in mid 
winter (Beamish, 1973). 

The change in the slope relating oxygen uptake to body weight 
evident in May for L. japonica (Figure 5) was also reflected in a change 
in the slope relating oxygen uptake per unit weight to body weight for 
animals acclimated at 10 and 18C from an insignificant correlation to a 
Significant correlation (Figure 6). Thus in May, but not January or 
March, oxygen consumption was dependent on body size at 10 and 18C but 
not at 2C. Similarly, Evans et al. (1962) found that the slope relating 
weight to oxygen uptake per unit weight was greater in rainbow trout 
acclimated at a longer photoperiod. The change in the relationship 
between oxygen uptake and body weight which occurred in May was followed 
by a significant increase in oxygen uptake and body weight of animals 
acclimated at 10C. 

These changes in ammocoetes held at constant temperatures suggest 
the possibility of annual rhythms which are controlled by photoperiod 
and probably operate only under favourable temperature conditions. Be- 
cause molecular activity is temperature limited, rates of oxygen consump- 


tion at 2C may be as high as possible at that temperature from January 
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to May and may not be capable of increasing as photoperiod increases. 
Moore and Beamish (1973) showed a marked decrease in digestive ability 
and injestion rate at 2C in larval P. marinus. However measurements 

at 2C were made in winter while measurements at higher temperatures were 
made in summer, therefore results may be photoperiod affected. Unfor- 
tunately data is not available for 18C acclimated animals after May, 

but I assume that oxygen uptake and growth would have increased, since 
the decrease in the slope of the line relating oxygen uptake (mg/hr) 

to body weight evident in May at 10 and 18C was followed by growth in 
July and August at 10C. 

Most authors relate seasonal changes in oxygen consumption at a 
fixed temperature to changes in the reproductive state di the fish 
(Wohlschlag and Juliano, 1959; Evans et al., 1962; Roberts, 

1967). However, ammocoetes are sexually immature and none showed signs 
of transformation or maturity to the end of October, 1969. 

Seasonal changes in body size, oxygen consumption and the corre- 
lation between these two parameters measured in the laboratory environ- 
ment can be compared with seasonal changes in the natural environment. 
During winter (0-2C), oxygen consumption is low, relatively stable and 
independent of body size (Figures 3, 5 and 6). Assuming there is suffi- 
cient food, body size is.also stable (Figure 4) (Hill and Potter, 1970). 
In May, the ice and snow which blocked out nearly all light melts, and 
ammocoetes are suddenly exposed to long hours of light and rapidly in- 
creasing temperatures. As the food supply increases ammocoetes begin 


to grow (Hardisty, 1961) and oxygen consumption increases (Figure 3). 
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Since growth rate is greatest in young ammocoetes (Hardisty, 1961; Car- 
lander, 1969), they consume more oxygen per unit weight than older, 
larger ammocoetes (Figure 6). Consequently the slope of the regression 
relating weight to oxygen consumption (mg/hr) decreases (Figure 5). 
(Unfortunately sample sizes were too small to determine a meaningful 
regression equation in July and August.) Similarly, Brett (1964) showed 
that juvenile salmon are characterized by a lower slope value (O,mg/hr 
vs wt) than older salmon. 

Open to question in suggesting the existence of annular rhythms 
based on the data in this thesis is the nutritional value of the food 
available to ammocoetes. The diet of larval L. japonica has not been 
determined, but the gut contents of American brook lampreys [Lampetra 
lamottet] (Creaser and Hann, 1929; Moore and Beamish, 1973), sea lamprey 
(Manion, 1967; Moore and Beamish, 1973), European brook lamprey, and 
Danube lamprey [Eudontomyzon danfordt] (Schroll, 1959) consist mainly 
of Aufwuchs, particularly the diatoms, in proportions similar to that 
found in the substrate. However it is not known to what extent each food 
item in the gut, including bacteria, detritus and dissolved nutrients, 
contributes to the nutritional requirements of lamprey. It is possible 
that powdered brine shrimp provided L. japonica was insufficient to 
allow for growth and that the rapid increase in weight at 10C in July 
was a result of a seasonal increase in the algal population. There was 
no visual evidence of an increase in the algal populations in any of 
the containers but no measurements were taken. To confirm the existence 
of annular rhythms, the experiments would have to be repeated and the 


diet controlled more closely. 
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Whatever the nature of the temperature or photoperiod induced 
changes in metabolism of ammocoetes, the adaptations are not reflected 
in hematocrits, hemoglobin concentrations or oxygen equilibria of hemo- 
globin solutions. Hematocrits and hemoglobin concentrations in larval 
L. gapontca ‘are higher than those found’in J. hubbst (Potter et al., 
1970). Oxygen affinities of the hemoglobin solutions were very high 
and are comparable to P. marinus and L. planerit larvae and adult hemo- 
globin solutions at equivalent pH's and test temperatures (Manwell, 
1963; “Antonini et al., 1963), although higher than the affinity of in- 
tact red blood cells measured for 2) hubbst larvae (Potter et al.; 1970). 
Measurements of oxygen affinity using red blood cells are likely more 
indicative of the situation in the intact organism (Riggs, 1972), parti- 
cularly since oxygen equilibria presented in this thesis and by Manwell 
(1963) and Antonini et al. (1963) were measured over an unrealistic pH 
range, whereas Potter et al. measured oxygen equilibria of I. hubbst 


blood at the actual pH of the blood. 
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APPENDIX TABLE 1. Length, body weight, and oxygen consumption 
of ammocoetes acclimated at 2C, determined 


in January, March, and May 1969. 


Length (mm) Weight ( 
January 
76 0.57 

130 ano 
Sa 25 OL 
104 Los 
120 1.74 
129 2.08 
150 3.68 
162 4.73 
164 4.58 
160 4.18 
Us 4.04 
149 Sere 
184 6.78 
167 5.80 
180 6.41 

ie als: 15 

XK 144 3.64 

+1SD 1.63 


O, consumption 


(mg/g/hr) 


0.0103 
0.0396 
0.0562 
0.0298 
0.0202 
0.0445 
O202UL 
0.0187 
0.0247 
0.0241 
0.0142 
0.0298 
0.0238 
0.0226 
0.0225 
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APPENDIX TABLE 1 — continued 


Length (mm) 
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APPENDIX TABLE 1 —- continued 


0, consumption 


Length (mm) Weight (g) (mg/g/hr) 
May 
178 6.44 0.0157 
160 ea) OnO0LoL 
126 ies TES) 0.0422 
154 Sees 0.0386 
154 3.49 U.0263 
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150 Si 3y) 070513 
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APPENDIX TABLE 1 —- continued 


Length (mm) 


May (continued) 


145 
es 
203 
188 
168 
170 
149 
156 
156 
123 
141 
dbo pf 
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Weight (g) 
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O, consumption 


__(ng/g/hr) 


0.0320 
0.0404 
0.0405 
0.0388 
Oc0253 
0.0415 
0.0283 
0.0388 
0.0506 
0.0296 
0.0319 
0.0129 
0.0302 
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APPENDIX TABLE 2. Length, body weight, and oxygen consumption 
of ammocoetes acclimated at 10C, determined 


in January, March, and May 1969. 


Length (mm) Weight (g) 
January 
85 0.65 
88 Ora, 
a9 a Ou 
100 E02 
141 22095 
128 2n43 
136 Peds 2 
130 24 
a5 Sou 
164 4.60 
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156 3.238 
158 4.27 
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N iy) 17 
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0, consumption 


(mg/g/hr) 
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APPENDIX TABLE 2 —- continued 


Length (mm) Weight (g) 
March 
102 0.88 
99 1.04 
81 0.55 
50 0.14 
25 2.44 
ie 2.64 
143 2K) 
143 Ze 57 
148 22590 
150 Seale 
4593 3.34 
148 3.38 
167 4.67 
158 3216 
72 5.01 
174 5.64 
173 5.42 
164 6.65 
177 6.02 
183 te s58) 
N 20 20 
e142 3.48 
+1SD 2.00 


0, consumption 


(mg/g/hr) 


0.0106 
0.0754 
0.0346 
0.0306 
0.0446 
0.0382 
0.0639 
0.0564 
0.0477 
0.0681 
0.0493 
0.0554 
0.0449 
0.0283 
0.0294 
0.0249 
0.0437 
0.0331 
0.0451 
0.0232 
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APPENDIX TABLE 2 — continued 


Length (mm) 


May 


182 
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142 
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140 
151 
a7 
163 
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153 
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Weight (g) 


-08 
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. 84 
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49 
43 


0, consumption 


(mg/g/hr) 


0.0160 
0.0223 
0.0199 
0.0401 
0.0158 
0.0362 
0.0576 
020293 
0.0186 
0.0154 
0.0906 
0.0301 
0.0586 
0.0091 
0.0143 
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0.0326 
0.0386 
0.0126 
0.0245 
0.0404 
0.0173 
0.0450 
0.0262 
0.0165 
020195 
0.0245 
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APPENDIX TABLE 2 - continued 


Length (mm) 


May (continued) 


+1SD 


146 
166 
142 
181 
ANS 
145 
175 
165 
169 
E52 
iby 
iis at 
145 


40 
156 


Weight (g) 


3.00 
3.76 
Pa TBI 
7.09 
6.13 
Zale 
ae) 
4.68 
4.67 
3.47 
3.49 
3.05 
Zale 


40 
See) 
1.44 


0, consumption 


(mg/g/hr) 


0.0301 
0.0395 
O-0311 
0.0187 
0.0355 
O07 2 
0.0255 
0.0209 
0.0294 
0.0555 
0.0300 
0.0429 
0.0158 


40 
0.030 
0.016 
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APPENDIX TABLE 3. Length, body weight, and oxygen consumption of 
ammocoetes acclimated at 18C, determined in 


January, March, and May 1969. 


Length (mm) Weight (g) 

January 
133 oe 
140 2 NS) 
130 2.08 
130 Dae A) 
150 Bia a 
141 3.14 
147 3.10 
143 SiO) 
ish) She 0 
189 ah AN) 

N 10 10 

X 144 aA 

+18D gee 


O, consumption 


* (mg/g /hr) 


0.0426 
0.0736 
0.0320 
0.0589 
0.0622 
0.0283 
0.0378 
0.0453 
020739 
0.0178 


10 
0.042 
0.017 
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APPENDIX TABLE 3 —- continued 


Length (mm) Weight (g) 

March 
86 O72 
Oy 0299 
100 1.04 
116 150 
116 i233 
130 i3- BY 
139 Ph Sie 
140 2.96 
138 2.68 
35 Ph PAY 
106 aL 
133 2239 
149 3019 
153 Shiteys: 
145 Bene 
147 3.44 
E5Z Se 7k) 
190 RO? 

N 18 18 

Se oiled 2.65 

+1SD I60 


0. consumption 


(mg/g/hr) 


0788 
0491 
«0546 
20250 
-0323 
-0410 
20555 
0625 
0268 
oS Oey a 
-0409 
0458 
-0436 
-0368 
0530 
- 0630 
0429 
0304 
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APPENDIX TABLE 3 - continued 


Length (mm) 


May 


149 
142 
134 
15k 
150 
B35 
150 
140 
189 
£39 
118 
143 
154 
203 
166 
Me 
148 
169 
142 
150 
146 
18S) 
150 
134 
184 
187 
158 


Weight (g) 


SE. 
Zook 
Ze OU 
Sao) 
3.52 
220 
Ele 
3.03 
isd s 
Vig Poe 
1.62 
Maogey 
Se 7A) 
9.34 
4.77 
6.85 
4.00 
4.91 
5205 
Saye) 
Se 2 
ZO 
3.46 
Pots 
leo 
Tay 
4.32 


0, consumption 
(mg/g/hr) 


0285 
-0539 
0478 
-0676 
0479 
-O5 RL 
0476 
USN Es) 
cuz 42 
0534 
-0538 
“0316 
s0210 
0238 
-0376 
0460 
0527 
-0405 
-0401 
50372 
.0413 
-0571 
-0347 
SOOLY 
O22 
0287 
-0338 
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APPENDIX TABLE 3 -— continued 


0, consumption 


Length (mm) Weight (g) (mg/g/hr) 


May (continued) 


164 4.67 0.0400 
149 2.96 0.0597 
165 3.96 0.0304 
179 6.34 0.0233 
156 3.88 0.0510 
142 2.91 0.0535 
168 4.73 0.0471 

N 34 34 34 

om 155 4.14 0.042 


+18D Oe 0.013 
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APPENDIX TABLE 5. 


Length, body weight and oxygen consumption 
of marked ammocoetes acclimated at 10C: 


89 


Length (mm) 
Ammocoete No. at 2 3 4 3 i 
a 
October 15, 1968 LOZ ee 17) aloe ee 130m eG fae LAY 152 
November 13, 1968 LOZ gL Dpto mee 460 138 Beet e 7 a 150 153 
February 1, 1969 LS GL /4 iG? 43 34 eee L405 2149 L5t 
March 16, 1969 LO? ee Ome el OO mE GD eet) am 49) 50) 154 
May 13, 1969 160 L7G ee O24 eee SO Ge 49 154 
July 26, 1969 Ls) eC ee LOG eee tee Lt eee LO 2 161 
August 25, 1969 LS eo L/ Oe elo lm eee Lo cael 155 161 
Weight (g) 
Ammocoete No. iL 2 3 4 5 7 ane 
xX + isp 
October 15, 1968 4.00" \tf Dee 09 mers OME 032490 OD) ote et, 00 
November 13, 1968 Be O0e OLS lames by mee 30g oe Oe 4G 0m 63.00 7h. Ok 
February 1, 1969 Bo/ Jee) D000 cameo OY me 3098) 3, 90 8/5. 34 13.6255 00.99 
March 16, 1969 S204) O49 04 e026 269 Sie. G Jee R44 92390 93205 110.96 
May 13, 1969 Ba/ OO 4a 0 ME (Mee MES +2 Ome SU Se DO tO. L 
Jitlve2 Oo. 969 (csisp Nyailiey These) yk T/T) Sigtlét = aise) We SIRE an oa Ose}. 
August 25, 1969 OJIN DI /g 4c 00m ss 450eS. LOM OlerG. 0G) (4.21 0.8L 
Oct. Nov. Feb. Mar. May July Aug. 
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APPENDIX TABLE 7. Oxygen consumption and body weight of ammocoetes 
acclimated at 2, 10, and 18C, measured at various 
test temperatures. 


Acclimation 
temperature: 2C 10¢ 18C 
Weight O05 consumption Weight 09 consumption Weight 0. consumption 
(g) (mg/g/hr) at (g) (mg/g/hr) at (g) (mg/g/hr) at 
2C __24C 10C 24C 18C 24C 
6.44 0.0157 0.0579 7.08% “O201603 “020764 ioe  ORO2d ee 0.0625 
5.90' O2019I8 -0%0836 4.64 0.0223 0.0886 72o2e O202075 OF 0614 
29 0.0422 0.1418 Zo/oe O0E99R 0.0795 Geoer. Or05385 050643 
Sebo, Of0S50R * 0611/30 1.30; 0.04017) 021440 4.67 0.0400 0.0645 
a Aone 0.02650 050672 Za Dee U2 OIE Se OF Boat 2969.) 020597 020785 
Shoe) 0502 lon = OF1430 3869 ~O2 03620 (OF 1057 3.96 0.0304 0.0564 
je 02a Un O225" “OL 1747 32058 Us Oayby 2 OL 219s Grose 020255) 5) 02 0518: 
J.04ne OL U2Z93e 5 020555 3.00) 0.0510) 7 020594 
21s 0 Oss5e) 020799 
Gi Joe OLO4yie OF 06a2 
N 7 7 8 8 10 10 10 
X 3.94 0.026 0.104 320 380-030 OF103 4.88 0.039 0.064 
Ze 18C 10 18C elec 18C 
ieee 0.0405 0.0749 (540) pO cOLS8GmenO.O530 Jo OS O0205 a UeoZ 
Gr03 U0. 0306 0.0613 6.03 9) G:701545 50-0353 3.33 0.0688 0.0426" 
Se sin Wialipasis) eva Oyen 2-640, O906N 0.0032 6.35 0. OL7 0.0120" 
A290 eee O415 5 0.0715 2, 65 O30 te Oe GOL ROS pO s0393 0.0407" 
Bont e253) 0.0349 2290 OS 00MEEO. L506 4.37 0.0210 0.0301" 
4.04 0.0388 0.0849 dO Ou Ue OU Cems Orn 489 L 2 Ole. 0539 0.0516 
aoe 205060507 F7 5 33e—" 010149 ee90.0431 or eeO+ 0356 0.0379" 
et) 2a) O29 One O90!) 3.48 0.0047 0.0609 2.89 0.0498 0.0520" 
2.0 fee UO. 0 319 2 051044 Seis Ue Mev son Wed G7 Oks! a UU oe 0.0392" 
4.12 0.0129 0.0924 3703 ee BUS8O. me O.0723 Bn 2 US UZ06 0.0540" 
Nei AN Jal, ial th at 10 10 10 


oe ee 0.034 0.084 4o22 0,030 0.063 3680) = 04034, 0.040 
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APPENDIX TABLE 7 — continued 


Acclimation 
temperature: AG 10C 18C 
Weight 05 consumption Weight 05 consumption ‘Weight 02 consumption 
(g) (mg/g/hr) at (g) (mg/g/hr) at (g) (mg/g/hr) at 
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APPENDIX TABLE 7 - continued 


Acclimation 
temperature: 2C 


Weight 02 consumption Weight 
(g) (mg/g/hr) at (g) 
VAS 
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